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Summary. The nucleic acid sequences of  three 
geminiviruses with bipartite genomes and of  two 
viruses having a single genome component were 
analyzed and phylogenetic relationships deduced. 
Sequences in coding and noncoding regions were 
considered at the nucleotide and amino acid levels 
by several methods. The results suggested that the 
viruses are phylogenetically related to different de- 
grees. All the viruses contain in an intergenic region 
a consensus sequence (TAATATTAC) that is pos- 
tulated to be required for a critical virus function, 
such as replication and/or transcription. Estimates 
of  divergence in one putative gene that all o f  the 
viruses share were used to construct a phylogenetic 
tree. Among the bipartite-genome viruses, bean 
golden mosaic virus and tomato golden mosaic vi- 
rus are more closely related than either is to cassava 
latent virus. The single-component viruses (maize 
streak and wheat dwarf viruses) and one of  the two 
DNA components of  the other three viruses were 
postulated to be distant relatives descended from a 
common ancestral sequence. 

Key words: Geminivirus -- Viral evolution -- 
Bean golden mosaic virus -- Tomato golden mosaic 
virus -- Cassava latent virus -- Maize streak virus 
-- Wheat dwarf virus 

Introduction 

Geminiviruses are plant viruses having morpholog- 
ically unique geminate or twinned particles with ge- 
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nomes of  circular single-stranded DNA (Matthews 
1982). Geminiviruses have long been known to be 
important agriculturally (Goodman 1981) and have 
recently attracted interest as potential vectors for 
plant genetic engineering (Howarth and Goodman 
1982; Buck and Coutts 1983). This interest is es- 
pecially keen in the search for vectors in monocot- 
yledonous plants, which some geminiviruses natu- 
rally infect. Complete nucleotide sequences are now 
available for four viruses and two strains of  a fifth 
(Stanley and Gay 1983; Hamilton et al. 1984; How- 
ell 1984; Howarth et al. 1985; MacDowell et al. 
1985; Mullineaux et al. 1984). 

Bean golden mosaic virus (BGMV; Howarth et 
al. 1985), cassava latent virus (CLV; Stanley and 
Gay 1983), and tomato golden mosaic virus (TGMV; 
Hamilton et al. 1984) are serologically interrelated 
(Sequeira and Harrison 1982; Stein et al. 1983; Rob- 
erts et al. 1984) and are transmitted in nature by a 
whitefly (Bemisia tabaci). These viruses each have 
a genome composed of  two different DNA mole- 
cules; each molecule is about 2600 nucleotides long 
and both are essential for disease development 
(Hamilton et al. 1983; Morinaga et al. 1983; Stanley 
1983). Six genes have been postulated (Howarth et 
al. 1985), but only one, that for the capsid protein, 
has been experimentally verified (Townsend et al. 
1985). 

Each of  the geminiviruses with two-component 
genomes has an approximately 200-nucleotide se- 
quence that is identical (in BGMV) or almost iden- 
tical (in CLV and TGMV) on each DNA molecule 
of  the virus. This sequence, called the common re- 
gion, is very different from virus to virus, except for 
a similar inverted repeat sequence located near the 
3' end of  each common region. These inverted re- 
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Fig. 1A, B. Maps ofgeminivirai open reading frames (ORFs). 
Nucleotide sequences of geminiviruses with two DNA compo- 
nents have the organization shown in A. Arrows represent con- 
served ORFs, which are designated by Roman numerals. Stippled 
boxes represent the 200-nucleotide common regions. Gemini- 
viruses with one DNA component are organized as in B. The 
designation Of ORFs I, IIa, and IIb signifies the relationship 
inferred with ORFs I and II in DNA 1 of the bipartite viruses. 
The hairpin that contains the sequence TAATATTAC is marked 
A. The putative amber codon proposed by Howell (1984) is 
marked . .  

peats may form stable hairpin structures with 11- to 
12-base-pair (bp) GC-rich stems and 11- to 12-nu- 
cleotide AT-rich, single-stranded loops. The con- 
servation of common-region sequences in a given 
virus suggests an important function for the entire 
200-nucleotide region (Stanley and Gay 1983; 
Hamilton et al. 1984; Howarth et al. 1985). The 
sequences of  the common regions of  the different 
viruses are so different that it suggests that some 
virus-specific property, such as viral host range, may 
reside in that difference. 

Wheat dwarf virus (WDV; MacDowell et al. 1985) 
and two isolates of maize streak virus (MSV; Howell 
1984; Mullineaux et al. 1984) have been character- 
ized and they apparently each contain only one DNA 
molecule, of about 2600-2700 nucleotides. 

Relationships among viruses and their evolution 
have historically been largely speculative subjects 
(Matthews 1985). Certain obvious conclusions could 
be deduced about the viral families Reoviridae and 
Rhabdoviridae because they include viruses that in- 
fect vertebrates, invertebrates, and plants (Mat- 
thews 1982). However, the increasing availability 
of nucleotide and amino acid sequences and meth- 
ods for analyzing them now invite comparisons 
across viral taxa. For example, interesting sequence 
homologies have been detected between a plant 
comovirus and animal picornaviruses (Argos et al. 

1984; Franssen et al. 1984); among plant caulimo- 
viruses and animal retro- and hepadnaviruses (Toh 
et al. 1983); and among a plant bromovirus, toba- 
movirus, alfalfa mosaic virus, and animal alphavi- 
ruses (Haseloff et al. 1984; Ahlquist et al. 1985). 

We have compared the sequences in the con- 
served open reading frames and in the noncoding 
regions of several geminiviruses; from analyses of 
these sequences we derive estimates of divergence 
of putative genes, and suggest some evolutionary 
implications. 

Methods 

We used four methods of scoring the similarity of nucleotide and 
amino acid sequences that had been aligned with computer as- 
sistance or visually. Unitary matrix scoring assigned a score of 
1 or 0 to identical or different residues being compared, respec- 
tively. These scores were summed and divided by the maximum 
score to obtain the percentage of  similarity. Amino acid se- 
quences compared in this way were considered also for their 
conservative amino acid sequence homologies. Amino acid sub- 
stitutions were given a score of  1 when substituted amino acids 
were from the same group. Groups of amino acids were C; F, W, 
and Y; Q, E, N, and D; H, K, and R; L, M, and V; and A, G, P, 
S, and T. We used the method of Perler et al. (1980) to calculate 
the percentage divergences (corrected for multiple mutations) in 
silent and replacement sites within codons. Silent and replace- 
ment sites are sites at which nucleotide changes result in syn- 
onymous codons or amino acid replacement substitutions, re- 
spectively. The method of McLachlan (1971) scores the structural 
similarities of likelihood of interchange among amino acids. The 
method of Fitch and Margnliash (1967) scores the mutation dis- 
tance, which is the minimum number of nucleotide changes in 
a codon required to convert an amino acid into the amino acid 
with which it is aligned. We used mutation-distance data to con- 
struct phylogenetic trees (Fitch and Margnliash 1967). 

Results 

Geminiviruses with Bipartite Genomes 

Comparison of  open reading frames (ORFs) among 
BGMV, CLV, and TGMV sequences reveals that 
six ORFs are present in all three viruses (Hamilton 
et al. 1984; Howarth et al. 1985). These ORFs show 
varying degrees of sequence similarity, but are or- 
ganized identically, in the three viruses (Fig. 1). Con- 
served ORFs occur in both viral and complemen- 
tary strands. 

We compared the conserved ORF sequences 
among the three viruses and calculated their diver- 
gence (Table 1). Also, we used the putative amino 
acid sequences of the proteins that may be encoded 
by these ORFs to compute their protein similarities 
(Table 2) and their minimum mutation distances 
(data not shown). The several methods yielded sim- 
ilar results, as a comparison of  methods for analysis 
of the similarity of  BGMV and TGMV sequences 
shows (Table 3). 



Table 1. Percentage corrected divergences between nucleotide sequences" 
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Replacement sites Silent sites 

Comparison I II III IV V VI I II III IV V VI 

B G M V - T G M V  6.9 19.9 21.8 15.8 21.4 8.2 142.2 113.2 48.2 55.4 95.4 157.8 
BGMV--CLV 26.6 29.8 44.2 49.6 86.9 44.3 199.7 175.4 80.8 103.0 130.4 172.1 
TGMV--CLV 26.4 29.6 46.4 47.9 84.0 46.4 171.0 b 144.0 89.2 103.0 137.2 165.0 b 

BGMV, bean golden mosaic virus; CLV, cassava latent virus; TGMV, tomato golden mosaic virus 
a I-VI refer to open reading frames (ORFs) as given in Fig. 1. Divergences were calculated according to Perler et al. (1980) 
b Some operations in the calculation of  silent-site divergence were mathematically undefined. In those cases the terms in question 

were not corrected for multiple mutations and the divergence values are necessarily underestimates. See Perler et al. (1980) 

Table 2. Amino acid sequence similarities among bipartite 
geminiviruses a 

Table 3. Comparison of methods for analysis of BGMV and 
TGMV sequences" 

Open reading frame Method 

Comparison I II III IV V VI Amino acid 
sequence 

BGMV-TGMV 93.4 83.9 82.8 87.7 83.4 93.7 homology 
BGMV-CLV 83.9 79.4 70.9 69.3 56.5 67.6 (unitary 
TGMV--CLV 84.7 78.6 70.6 69.0 57.1 71.5 ORF matrix) 

a I-VI refer to ORFs as given in Fig. I. Similarities were calculated 
according to McLachlan (1971). Abbreviations as in Table 1 

At the broadest level, the genes in DNA 1 are 
more highly conserved than those in DNA 2. BGMV 
and TGMV are more closely related to each other 
than either is to CLV. Also, BGMV and TGMV are 
about equally divergent from CLV. 

As expected, different proteins accumulate mu- 
tations at different rates. Gene I, which on the basis 
of recent evidence is thought to encode the capsid 
protein (Townsend et al. 1985), is the most highly 
conserved gene; gene V is the most highly diverged. 
Genes II, III, and IV are interesting cases because 
they have regions of  mutually overlapping se- 
quences in different reading frames (Stanley and Gay 
1983; Hamilton et al. 1984; Howarth et al. 1985). 
Gene II is probably little affected, because its overall 
length (1059 nucleotides) is large compared with its 
overlap with gene III (250 nucleotides). The se- 
quence of gene III, however, overlaps significantly 
with that of gene IV. Genes III and IV have rela- 
tively high levels of divergence in their replacement 
sites and relatively low levels in their silent sites. 
Low levels of  divergence in silent sites may be the 
result of  the existence of  fewer neutral sites (Perler 
et al. 1980): Nucleotide changes at neutral sites in 
one gene may be at replacement sites in an over- 
lapping gene, and hence selected against. Surpris- 
ingly, high levels of divergence were calculated in 
replacement sites. This observation appears coun- 
terintuitive because selection presumably was acting 
on two proteins whose genes happen to occupy much 
of the same sequence, rather than on only one pro- 
tein. One would expect, therefore, very low levels 
of divergence. 

Conser- Method 
vative of 
amino acid Method of  Perler 
sequence McLachlan et al. 
homology b (1971) (1980) c 

I 90 95 93.4 93.1 
II 71 85 83.9 80.1 
III 68 83 82.8 78.2 
IV 76 86 87.7 84.2 
V 70 85 83.4 78.6 
VI 90 94 93.7 91.8 

Abbreviations as in Table 1 
a Numbers indicate percentage similarity 
b Percentage of  total amino acid residues encoded by each ORF 

that are either identical or conservation substitutions 
c Numbers obtained by subtracting the percentage divergence in 

replacement sites from 100 

Gene VI appears to be composed of two domains, 
one of which is relatively well conserved and the 
other which is relatively diverged. The conserved 
domain is approximately the Y-terminal two-thirds 
of the BGMV and CLV genes and the entire TGMV 
gene. TGMV gene VI is truncated by a termination 
codon and would yield a protein of  about 2 I. 1 kilo- 
daltons, versus 33.1 and 33.6 kilodaltons for BGMV 
and CLV, respectively (Stanley a n d  Gay 1983; 
Hamilton et al. 1984; Howarth et al. 1985). The 
divergent domain is the 3'-terminal one-third of  the 
BGMV and CLV genes. 

Geminiviruses with Monopartite Genomes 

The DNA sequences of the Kenyan (MSV-K; How- 
ell 1984) and Nigerian (MSV-N; Mullineaux et al. 
1985) strains of  MSV are about 98% homologous, 
differing by only 59 changes out of about 2680 nu- 
cleotides. The papers presenting these sequences 
displayed their viral-strand sequences in opposite 
orientations. The orientation of  MSV-N is probably 
the correct one, because it is consistent with the 
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Stem Loop Stem 

BGI~ I and 2 GGCGGCCATCCG ATATAATATTAC CGGATGGCCGCC 

CLV I and 2 GGGGCCAACCG TATAATATTAC CGGTTGGCCCC 

TGMV A GCGGCCATCCG TTTAATATTAC CGGATGGCCGC 

TGblV B GCGGCCATCCG TTTTAATATTAC CGGATGGCCGC 

MSV-N GCAGGAAAAGAAGGCGCG ACTAATATTAC CGCGCCTTCTTTTCCTGC 

MSV-K GCAAGAAAAGAAGGCGCG CACTAATATTAC CGCGCCTTCTTTTCCTGC 

WDV GGGGGCCTCCACGCGGG TTATAATATTAC CCCGCGTGGTGGCCCCC 

Consensus TAATATTAC 

Fig. 2. Sequences of conserved hairpins. Sequences of inverted repeats are displayed to show which sequences may base pair in 
stems of hairpins and which would be in the single-stranded loops. The sequence TAATATTAC is in the loop of each hairpin and 
is adjacent to stem sequences on its 3' side, whereas 2-5 residues separate the conserved loop sequence from the stem sequences on 
its 5' side. BGMV, bean golden mosaic virus; CLV, cassava latent virus; MSV-K, maize streak virus, Kenyan strain; MSV-N, maize 
streak virus, Nigerian strain; TGMV, tobacco golden mosaic virus; WDV, wheat dwarf virus 

orientat ion of  the sequence of  WDV DNA 
(MacDowell et al. 1985) and of the whitefly-trans- 
mitted geminivirus genomes (see below). Both re- 
ports of MSV DNA sequences mention heteroge- 
neity in their sequences. For the purposes of  our 
comparison, we considered only the predominant 
sequences and not the possible substitutions. All 
references to nucleotide position are according to 
the numbering for MSV-N. 

Only 5 of  the 59 differences in sequence are due 
to insertions or deletions; the remainder are merely 
nucleotide substitutions. All but one of  the inser- 
tions or deletions occur in putative intergenic re- 
gions. The one nucleotide insertion/deletion that is 
in a possible coding region of  MSV-K is an extra G 
residue between nucleotides 1504 and 1505. The 
effect of that insertion is to place MSV-Ks ORFs 
P la  and P lb  (which correspond to the ORFs des- 
ignated IIa and IIb in Fig. 1) in the same triplet 
reading frame. Howell (1984) suggested that read- 
through of the amber codon terminating ORF P l a  
is required for expression ofORF P 1 b. Because ORFs 
IIa and IIb (Fig. 1) of  MSV-N and WDV, however, 
are in different triplet frames, we tend to favor the 
inference that these genes are expressed indepen- 
dently and that the MSV-N sequence is correct. 

We examined other positions within codons at 
which differences had been reported between MSV-K 
and MSV-N (data not shown). Because most of  the 
differences between the strains occur in the third 
positions ofcodons, we concluded that ORFs I, IIa, 
and IIb are probably real genes (see also Muilineaux 
et al. 1985). An ORF in MSV-N that may encode 
a protein of  21.8 kilodaltons is probably not a real 
gene because its putative counterparts in MSV-K 

and WDV are interrupted by termination codons: 
A nucleotide change in the codon formed by resi- 
dues 716-714 results in a TGA termination. We 
cannot tell from this comparison ifORFs 10.9, 11.2, 
and 13.0 in MSV-N are real genes or not because 
there is not enough difference between the two se- 
quences for third-position changes or termination 
codons to indicate which ORFs, if  any, are merely 
fortuitous. Comparison of  MSV to another leafhop- 
per-transmitted geminivirus, WDV (MacDowell et 
al. 1985), showed that all of the ORFs in WDV had 
counterparts in MSV-N; however, no counterpart 
for ORF 11.2 in MSV-N was detected in WDV. 
Convincing alignments were presented for the pu- 
tative products ofORFs I and IIa + IIb. We quickly 
aligned WDV ORF 10.1 with MSV-N ORF 10.9, 
assisted by a homology matrix program (Pustell and 
Kafatos 1984). We named this apparently conserved 
ORF "alpha." Using the same program we also found 
weak similarity between WDV ORF 14.5 and 
MSV-N ORF 13.0. These ORFs, which we call 
"'beta," overlap in the complementary strand po- 
sitions occupied by ORFs 1 and alpha in the viral 
strand (Fig. 1). 

Sequence Analysis in the Common or Large 
lntergenic Regions 

The sequences in the stem and loop portions of  the 
inverted repeats found in the common regions of 
the bipartite viruses differ only slightly among the 
three viruses (Fig. 2). The sequence TAATATTAC 
is conserved in the loops of  all three viruses. It is 
interesting that this sequence resembles the TATA 
box sequence of eukaryotic transcriptional pro- 



moters (McKnight and Kingsbury 1982). The func- 
tional significance of  this resemblance is unknown; 
however, the conservation of  inverted repeat se- 
quences suggests control of essential viral functions 
such as initiation of  DNA replication, promotion 
or termination of transcription, or protein binding. 

Both of  the MSV sequences and the WDV se- 
quence contain inverted repeats that potentially form 
hairpin or stem-loop structures. Hairpin 1 of MSV-N 
(Mullineaux et al. 1984.) and hairpin 2 of  WDV 
(MacDowell et al. 1985) attracted our attention be- 
cause they are in intergenic regions and because of  
the similarity of the sequences in their single-strand- 
ed loops to the loop sequences found in the common 
regions of the bipartite geminiviruses (Fig. 2). 

These hairpins lie in large intergenic regions be- 
tween the putative coat protein gene (gene I), tran- 
scribed in the clockwise direction, and gene II, tran- 
scribed in the counterclockwise direction (Fig. 1). 
These results suggest that MSV and WDV DNAs 
are organized similarly to DNA 1 of  the bipartite 
geminiviruses. 

The similarity between these two groups is fur- 
ther reinforced by the observation that the consen- 
sus sequence TAATATTAC is found in loops of 
hairpins in all six sequenced geminiviruses. The stem 
sequences of  hairpin 1 of  MSV and hairpin 2 of 
WDV are quite dissimilar and are very different 
from the sequences found in the stems of BGMV, 
CLV, and TGMV. Thus, it is probably the sequence 
TAATATTAC in the loop of  the stable hairpin and 
possibly the topological position of  the stem-loop 
structure that is important in the function of  this 
distinctive feature of the geminiviruses. This se- 
quence seems to be important regardless of the num- 
ber of DNAs in the genome, the insect vector, or 
the host specificity of the virus. 

Discuss ion  

The geminate morphology exhibited by virions of  
geminiviruses is unique in nature, as far as we know. 
It is very curious indeed to discover that within this 
unique collection of  plant viruses are two distinct 
groups. One group is naturally transmitted by leaf- 
hoppers, apparently has genomes composed of  2.6 
kb of single-stranded DNA, and infects mono- or 
dicotyledonous plants. The other group of  gemini- 
viruses is transmitted by B. tabacL has genomes of  
two 2.6-kb single-stranded DNAs, and infects di- 
COTS. 

These two groups ofgeminiviruses have, besides 
their virion morphology, the following character- 
istics in common. First, all geminivirus genomes 
that have been sequenced have the sequence TAA- 
TATTAC located on a single-stranded loop of  a 
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Fig. 3. Phylogenetic relationships among geminiviruses. The 
numbers along the branches of the tree represent the corrected 
mutation distances between genes II of  the viruses, which were 
aligned as in Fig. 8 of MacDowell et al. (1985), with the BGMV 
sequence data similarly aligned. Each apex is placed at an ordinate 
value representing the average of the sums of all mutations in 
the lines of  descent from that apex. The percentage standard 
deviation of this tree is 0.54. Abbreviations as in Fig. 2 

stable hairpin that is in an intergenic region of  the 
genome. Second, in DNA 1 of  the bipartite viruses 
and in the DNA of the monopartite viruses, this 
hairpin is situated between the putative coat protein 
gene (gene I) and a long ORF (gene II) that is con- 
served in the two geminivirus subgroups. 

Kikuno et al. (1984) detected homology between 
genes I (encoded on DNA 1) and V (encoded on 
DNA 2) of CLV, and we have observed the same 
relationship in BGMV and TGMV (data not shown; 
see also Rao, 1985). This result suggested to them 
that the bipartite genome evolved from a mono- 
partite ancestor. We agree with that assessment and, 
furthermore, conclude that the geminiviruses with 
mono- and bipartite genomes are ancestrally related. 
We have used our estimates of  divergence in gene 
II, the most highly conserved geminiviral gene, to 
construct an evolutionary tree (Fig. 3). This tree is 
based on mutation distance (Fitch and Margoliash 
1967). Perler et al. (1980) found that mutation rates 
in replacement sites of  codons were linear over the 
past 500 million years in preproinsulin and globin 
genes, though the results on the evolution of super- 
oxide dismutase genes (Lee et al. 1985) suggest that 
one must use caution when interpreting divergence 
data. However, assuming linear rates of  change over 
time, the monopartite--bipartite divergence is esti- 
mated to have taken place twice as long ago as the 
divergence of BGMV or TGMV from their common 
ancestor with CLV, and three times as long ago as 
the divergence between BGMV and TGMV. 
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T h e  r e l a t i v e  c lo senes s  o f  the  r e l a t i o n s h i p s  a m o n g  
the  b i p a r t i t e  v i ru se s  m a y  ref lec t  t he  s eve ra l  f ea tu re s  
t h e y  h a v e  in  c o m m o n .  I n  a d d i t i o n  to  t he  p o s t u l a t e d  
d i v e r g e n c e  to  a b i p a r t i t e  g e n o m e ,  t hese  v i r u s e s  h a v e  
the  s a m e  insec t  v e c t o r  a n d  a re  f o u n d  in  p l a n t s  g r o w n  
in  s i m i l a r  s u b t r o p i c a l  e n v i r o n m e n t s .  T h e  g r ea t e r  
p h y l o g e n e t i c  d i s t a n c e  b e t w e e n  the  m o n o p a r t i t e  v i -  
ruses  m a y  be  c o n s i s t e n t  w i th  d i f fe rences  b e t w e e n  
the  v i ruses .  T h e i r  v e c t o r s  b e l o n g  to  d i f fe ren t  genera .  
M S V  infec t s  m a i z e  a n d  o t h e r  g rasses  (bu t  n o t  whea t )  
in  t r o p i c a l  a n d  s u b t r o p i c a l  Af r i ca ,  wh i l e  W D V  is 
f o u n d  in  t he  t e m p e r a t e  c l i m a t e  o f  n o r t h e r n  E u r o p e .  

A m o n g  the  R N A  v i r u s e s  o f  p l an t s ,  m u l t i p a r t i t e  
g e n o m e s  a re  c o m m o n .  Seve ra l  g r o u p s  o f  a n i m a l  
R N A  v i r u s e s  a lso  h a v e  s e g m e n t e d  g e n o m e s .  T h e  
m e c h a n i s m s  b y  w h i c h  s e g m e n t e d  v i r a l  g e n o m e s  ar i se  
in  n a t u r e  a re  u n k n o w n .  S i m i l a r i t i e s  in  g e n o m i c  o r -  
gan i z a t i on  b e t w e e n  p o l i o v i r u s e s  ( n o n s e g m e n t e d )  a n d  
c o m o v i r u s e s  (b ipa r t i t e )  suggest  t h a t  t he  t w o - c o m -  
p o n e n t  c o m o v i r u s  g e n o m e  m a y  h a v e  a r i s en  f r o m  a 
s i n g l e - c o m p o n e n t  p r e c u r s o r  ( M a t t h e w s  1985). A 
s i m i l a r  e v o l u t i o n a r y  r o u t e  to  s e g m e n t a t i o n  can  b e  
i n f e r r e d  f r o m  ana lys i s  o f  h o m o l o g i e s  in  n o n s t r u c -  
t u r a l  p r o t e i n s  ( H a s e l o f f  et  al.  1984; A h l q u i s t  e t  al.  
198 5; M a t t h e w s  1985) sha red  a m o n g  t o b a c c o  m o s a i c  
v i r u s  ( n o n s e g m e n t e d )  a n d  b r o m e  m o s a i c  a n d  a l fa l fa  
m o s a i c  v i r u s e s  (wh ich  b o t h  h a v e  t h r e e  g e n o m i c  
R N A s ) .  O u r  c o n c l u s i o n s  a b o u t  g e m i n i v i r u s  p h y l o g -  
e n y  suggest  a n o t h e r  r o u t e  for  the  o r ig in  o f  a seg- 
m e n t e d  g e n o m e .  I n  th i s  case,  d i v e r g e n c e  f r o m  a 
c o m m o n  p r o g e n i t o r  s e q u e n c e  a p p e a r s  to  h a v e  oc-  
cu r r ed ,  r a t h e r  t h a n  s e g m e n t a t i o n  o f  a l a rge r  p r o g e n -  
i t o r  s equence .  
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Note added in proof." The nucleotide sequence of beet curly top 
virus DNA has recently appeared (Stanley J, Markham PG, Callis 
R J, Pinner MS (1986). The nucleotide sequence of an infectious 
clone of  the geminivirus beet curly top virus. EMBO J 5:1761- 
1767). Cloned DNA from this ieafhopper-transmitted gemini- 
virus is infectious and consists of a single molecular of 2993 
nucleotides. Three of its genes closely resemble genes II, III, and 
IV of the whitefly-transmitted geminiviruses in both sequence 
and organization. However, the putative coat protein gene is 
more similar to coat protein genes of  other leafhopper-transmit- 
ted geminiviruses (MSV and WDV). 


